Abstract. Tadpoles of Physalaemus pustulosus showed a marked crowding effect in cultures without soil substrate. Tadpoles fed ad libitum (high ration level) had slower growth and development at densities of 20 and 50 L −1 compared to 2, 5 and 10 L −1 , but there was little effect on mass at metamorphosis. The effect of extreme crowding (50 L −1 ) on a compound measure of tadpole performance was similar to that of a greatly reduced ration level (high/4), which lowered performance by about half at all rearing densities (2-50 L −1 ). Density and ration level interacted significantly in their effects on tadpole performance. A soil substrate, previously shown to promote growth and development of P. pustulosus tadpoles, largely mitigated the crowding effect, with little effect of density on performance between 2 and 50 L −1 and metamorph mass substantially greater than those reared without soil. Several measures of water quality in cultures were similar to values in field breeding pools of P. pustulosus. The exception was dissolved oxygen which was often lower than in field pools, although cultures with low values (with soil) were those showing greatest rates of growth and development and metamorph size. Factors that could be responsible for the mitigating effect of soil on crowding are discussed. The effect reduces the material and care time cost of rearing P. pustulosus to metamorphosis by 2-3 fold compared to the standard culture at 10 L −1 recommended previously.
Introduction
Space, in terms of water volume or surface area, is probably the main constraint on rearing tadpoles in most amphibian cultures. The space needed to rear tadpoles can be extensive, and the cost of providing it probably exceeds that of food or maintaining water quality. Optimising the density at which tadpoles can be reared is thus an important aspect of most amphibian aquaculture (Culley et al., 1977; Martinez et al., 1996; Flores-Nava and Vera-Munoz, 1999; Browne et al., 2003; Hayashi et al., 2004) . Similar considerations apply to rearing amphibians in studies of malformation at metamorphosis, which require exposure of large numbers of individuals throughout their development.
We have previously shown that the Neotropical leptodactylid Physalaemus pustulosus is very suitable for rearing in large numbers for ecotoxicological studies on this neglected family of frogs (Hailey et al., 2006) . That work was all at 10 tadpoles L −1 , which other experiments had indicated as the maximum density before there was a noticeable crowding effect. The present paper describes investigations of the effect of rearing density on growth and development of cultured P. pustulosus tadpoles, with four aims. First, to document the effect of density originally used to select 10 L −1 as the basis for large-scale rearing. Second, to examine the interaction between density and ration level, to separate the crowding effect from that of low food availability. Third, to compare water quality in cultures to that in field breeding pools, and relate tadpole densities in successful cultures to those in the field. Fourth, to examine the influence of a soil substrate on the crowding effect. Hailey et al. (2006) showed that a small quantity (10 g dry soil L −1 ) of soil had a large beneficial influence on the success of culturing P. pustulosus tadpoles, increasing their survivorship and rate of development, and the size of metamorphs. It was therefore of interest whether a soil substrate would alter the effect of rearing density on these tadpoles.
Methods

Overview
These investigations included three experiments: ranging (A) using a wide range of density (2-50 tadpoles L −1 ) and ration level (ad libitum feeding and quarter-ration); discriminating (B) using a narrower range of density (5-20 tadpoles L −1 ) and ration level (ad libitum and half-ration), following from the results of experiment A; sediment (C) using soil substrate to show the interaction with density (when fed ad libitum). Each experiment used six treatments, with eight replicates. The response variables measured included environmental conditions in cultures (temperature, pH, dissolved oxygen, and water chemistry) and tadpole performance (survival rate, rate of development to hind limbs, rate of development or mean time to metamorphosis, tadpole mass, and mass of metamorphs). A standardised compound measure of tadpole performance was used to synthesise the results on the effects of density, ration level, and soil substrate from the three experiments.
Animals and conditions
Foam nests of P. pustulosus were obtained from the University of the West Indies Field Station, Mount Hope, Trinidad, on days after heavy rain. Nests were floated
